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1 | INTRODUCTION

Cerebral aneurysms, blood-filled lesions in brain arteries, occur in
about 5% of the population where 0.2% rupture with a mortality rate
of nearly 50%.* Currently there are two types of treatment available:

endovascular or neurosurgical clipping of the sac.1™ In other cases, in
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Abstract

Localized delivery of diagnostic/therapeutic agents to cerebral aneurysms, lesions in
brain arteries, may offer a new treatment paradigm. Since aneurysm rupture leading
to subarachnoid hemorrhage is a devastating medical emergency with high mortality,
the ability to noninvasively diagnose high-risk aneurysms is of paramount impor-
tance. Moreover, treatment of unruptured aneurysms with invasive surgery or mini-
mally invasive neurointerventional surgery poses relatively high risk and there is
presently no medical treatment of aneurysms. Here, leveraging the endogenous bio-
physical properties of brain aneurysms, we develop particulate carriers designed to
localize in aneurysm low-shear flows as well as to adhere to a diseased vessel wall, a
known characteristic of high-risk aneurysms. We first show, in an in vitro model, flow
guided targeting to aneurysms using micron-sized (2 pm) particles, that exhibited
enhanced targeting (>7 folds) to the aneurysm cavity while smaller nanoparticles
(200 nm) showed no preferable accumulation. We then functionalize the microparti-
cles with glycoprotein VI (GPVI), the main platelet receptor for collagen under low-
medium shear, and study their targeting in an in vitro reconstructed patient-specific
aneurysm that contained a disrupted endothelium at the cavity. Results in this model
showed that GPVI microparticles localize at the injured aneurysm an order of magni-
tude (>9 folds) more than control particles. Finally, effective targeting to aneurysm
sites was also demonstrated in an in vivo rabbit aneurysm model with a disrupted
endothelium. Altogether, the presented biophysical strategy for targeted delivery
may offer new treatment opportunities for cerebral aneurysms.

KEYWORDS
aneurysm targeting, cerebral aneurysm, glycoprotein VI (GPVI) coating, particle carriers,
vascular models

which the invasive intervention risks may outweigh the benefits,
medical management of risk factors coupled with surveillance imaging
may be used. Medical management consists mostly of addressing the
underlying hypertension,®> smoking cessation, and sometimes these
treatments are coupled with anti-inflammatory drugs such as aspi-
rin.*¢ The choice of treatment depends on various characteristics of
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the aneurysm such as size, morphology, and location, as well as
patient-specific factors such as age and clinical status.” However,
medical management is not a treatment of the disease, but rather con-
trol of perceived risk factors for aneurysm rupture. Medical manage-
ment is always coupled with surveillance imaging, and any detected
change in the aneurysm size, associated with a 12-fold increase in
rupture risk, triggers invasive or minimally invasive treatment.2 Nota-
bly, continued surveillance imaging and lack of definitive medical
treatment creates severe anxiety in patients. Nevertheless, whenever
a surgery or endovascular treatment is opted, the risks of significant
morbidity or death are high, between 5% and 10%, depending on rup-
ture status or type of devices to be used.”*° However, there is a lack
of clear evidence supporting the efficacy of the pharmacological treat-
ment for unruptured aneurysms.? Thus, there is growing interest in
developing new methods to diagnose high-risk aneurysm as well as to
allow focal effective drug delivery to aneurysm sites, which can
reduce the risk of rupture.

As high-risk cerebral aneurysms are known to be associated with
abnormal physical characteristics (e.g., low-shear and recirculating
flow patterns®*213) as well as pathological biological processes

(e.g., inflammation and thrombosis), these two features and the link
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between them has been a subject of great research.*'% Local
biological features associated with high risk of rupture, which include

luminal thrombosis and white blood cell infiltration,1¢

are tightly
related to interactions between a disrupted or activated endothelium
and flowing blood cells, either platelet or white blood cells (Figure 1a,
b,d). Such interactions occur also in regular inflammation processes
and vessel thrombosis scenarios and thus targeted therapeutics have
been developed based on utilizing specific biomolecular interactions
between platelet/WBC and an inflamed/injured endothelium. Impor-
tantly, cerebral aneurysms also possess unique hemodynamics, which
play a key role in disease progression. Moreover, risk assessment
based on patient-specific computational fluid dynamic (CFD) simula-
tions has been explored extensively providing evidence that supports
the association between pathological hemodynamics and rupture
risk.r” Pathological hemodynamics, prevalent in aneurysms such low
shear recirculating flow (Figure 1c,e,f; also see Supplementary Mate-
rial [SM] Video S1), are known to activate and disrupt endothelium.
Additionally, the pathological hemodynamics in aneurysms result in
mass transport and particle dynamics that differ significantly from
their characteristics in normal blood vessels, contributing to disease

progression. Yet, the unique hemodynamic environment, which drive
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FIGURE 1 High-risk cerebral aneurysms are associated with abnormal hemodynamics facilitating pathological biological processes.

(a) lllustration of a saccular cerebral side aneurysm. (b) lllustration of disrupted endothelium with collagen fibers protruding through the gaps
between the endothelial cells. (c) Computational fluid dynamic (CFD) simulation results showing ultra-low wall shear stress (<1 dyne/cm?) on the
surface of the cavity wall. (d) lllustration of healthy endothelium featuring an endothelial cell layer smooth muscle cells and extracellular matrix
with collagen fibers. (e) Streamlines inside an aneurysm cavity showing circulatory flow. (f) Light sheet visualization of fluorescent particles

circulation inside and aneurysm model
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pathophysiological processes and potentially rupture, has not been
explored as a method to enhance localized delivery of drug carriers to
sites of aneurysms.

Here, leveraging the endogenous biophysical properties of aneu-
rysms, we develop particulate carriers designed to localize in
aneurysm low-shear recirculating flows as well as to adhere to a
disrupted/injured vessel wall, both known characteristics of high-risk
aneurysms. We first show that flow guided targeting to aneurysm cav-
ities can be achieve with micron-sized, buoyant particles while smaller
nanoparticles, widely used in nanomedicines, show no preferable
accumulation, as shown in an in vitro aneurysm model subjected to
physiological flow. Several targeting ligands may be used to provide
biological-based specificity to the targeting, these include VCAM and
ICAM which inflamed endothelium express and have been previously
used as targeting moieties.'® However, rupture-prone aneurysms
have been shown to correlate with areas of exposed collagen, we thus
focused in this study on the use of glycoprotein VI (GPVI) which has

1920 55 well

been extensively studied and confirmed to target collagen
as act under low-medium shear.2* We then examined GPVI micropar-
ticle targeting in an in vitro reconstructed patient-specific aneurysm
that contained a disrupted/injured endothelium at the aneurysm cav-
ity. Results in this model as well as in an in vivo rabbit aneurysm
model with a disrupted endothelium confirmed highly effective

targeting to vessel wall disrupted aneurysm sites.

2 | MATERIALS AND METHODS

2.1 | Perfusion system

The perfusion system was detailed previously.?? Briefly, the
system comprises a reservoir with the perfusion media, a peristaltic
pump (Watson Marlow C530), an air damper downstream to remove
peristaltic pump oscillations, and a linear motor oscillator was con-
nected in parallel (a schematic of the system is shown Figure S3). The
pump produced the constant part of the wave form while the linear
motor produced the oscillatory part, and the superposition of both
produced the desired waveform corresponding to the basilar artery
waveform that was obtained from the measurement performed by
Zhu et al.® The system could operate in closed circuit as well as in an
open circuit mode to clear the unadhered particles at the end of the

experiment.

2.2 | Invitro aneurysm models design and
manufacture

The simplified aneurysm models were designed in SolidWorks and 3D
printed using a FormLabs clear resin V4 on Form 2 3D printer. The

models were based on the same geometry previously used by us'%24

and were similar to other models used in the literature.>*%2>=27 Then,
silicone (Elastosil by Wecker) was poured into the mold, left to cure

overnight, and then placed in acetone for a few hours to remove the

mold. To ensure a hydrophilic surface, the models were then coated
with type | collagen using a mixture of 10% collagen (Vitrocol®,
Advanced Biomatrix) to phosphate-buffered saline (PBS).

The patient-specific aneurysm geometry was the C0074
unruptured aneurysm from the AneuriskWeb depository.?® This
geometry was chosen due the wide range of shear and flow patterns
that were found in CFD simulations. It exhibits shear ranges from less
than 0 to 15 dyne/cm?, circulatory flow and impingement regions at
the neck and the apex.

To obtain a physical model, the aneurysm and part of the parent
artery was isolated and fitted in a mold using Solidworks (see SM
Figure S1). The mold was then 3D printed from the Formlabs clear
resin V4 using a Formlabs Form 2 3D printer. Silicone (Elastosil by
Wecker) was poured into the mold, left to cure overnight, and then
placed in acetone overnight remove the mold in the same manner as
the simplified models.

The patient-specific models were endothelialized with human
umbilical vein endothelial cells (HUVECs by Lonza) on a substrate of
mixed collagen (type | human collagen, Vitrocol®, Advanced Biomatrix)
and fibronectin (0.1% solution from human plasma, BioReagent). First,
the models were filled with a mixture of 10% collagen, and fibronectin
1% NaOH and 89% PBS, and incubated overnight in 5% CO, at 37°C.
The second stage is selective endothelialization of the model using
HUVECs (Lonza) suspended in media (ECM, ScienceCell) such that
exposed collagen was located only in the aneurysm cavity. By trapping
an air bubble in the cavity that separated it from the parent vessel
with a meniscus formed by surface tension, we have been able to
selectively de-endothelialized the aneurysm cavity without damaging
the endothelial cells in the parent artery (see Figure S2 in the SM for
details). The resulting models were then fixed using 4% paraformalde-
hyde solution and stained using 1% green phalloidin antibody staining
(Alexa).

2.3 | Particle preparation

The polystyrene particles used were red and green fluorescent car-
boxylated 2 um and green 200 nm microspheres (ThermoFisher). The
2 pm poly(lactic-co-glycolic acid) (PLGA) particles were manufactured
by the oil-in-water emulsion-solvent evaporation method. While
PLGA particles are biodegradable, for the timescales examined in this
work (several hours), the effect is negligible.?’ For biophysical
targeting, polystyrene particles were coated with GPVI or BSA by con-
jugating the protein to the carboxyl groups on the particle surface
using EDC Sulfo-NHS chemistry®®; a summary of particle characteris-
tics appears in Table S1 in the SM as well as detailed protocols publi-
shed by Levi et al.3*

24 | Deposition experiments

The fabricated models were connected to the perfusion system and

subjected to a pulsatile 200 ml/min flow rate. The system contained
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300 ml of 10% (w/v) dextran 40,000 Da (Dextran from Leuconostoc
spp, Sigma Aldrich) to PBS solution with 3.5 cP viscosity into which
particles were added. The solution contained about 300k 2 pum
particles/ml or 300 M particles/ml of the 200 nm particles. The
models were perfused with the particles suspension for 60 min in
closed circuit followed by a 5-min open circuit system wash with the
same solution but without particles to remove the nonadhere particles
from the system. After that, fluorescent images were acquired using

an upright Nikon SMZ 2025 microscope.

2.5 | Analysis and quantification
The analysis of the in vitro results was done by calculating the average
fluorescence in the cavity and the parent artery using Imagel. The
obtained values were then divided by the area of the cavity and
the parent vessel respectively which were calculated using
SolidWorks area properties function of the CAD models. The ratios
were then used to calculate the LI using equation 1 (see SM for
details).

To quantify the distribution of particles within the cavity, we used
a MATLAB® code to calculate the fluorescence in small squares on
the side view of the cavity and correlated them to the corresponding
squares on a color map of x axis value on the CAD model that was
obtained from Ansys CFD post (see SM for details on the process and
the MATLAB code).

2.6 | Computational fluid dynamics

The fluid dynamics simulations were performed in Ansys Fluent® 15.0
R which solved the continuity and momentum equations to obtain the
flow field in both the simplified and the patient-specific models.
The simulations were conducted under a constant flow and uniform
inlet assumption. The derived flow field was then used to calculate
the wall shear stress (WSS) distribution.

The meshing of the models was done using Ansys GAMBIT®
resulting in about a million tetrahedral elements for the patient-
specific geometry and a million and the simplified geometry (see SM
for more details on simulation conditions and mesh convergence

studies).

27 | Invivo

All animal experiments were approved by the University of Massachu-
setts Institutional Animal Care and Use Committee (AAALAC Interna-
tional). Six New Zealand White rabbits (four female, weight range
2.7-3.6 kg) were used. All procedures were performed under general
anesthesia, prior to all surgical procedures, the animals were pre-
anesthetized by a subcuticular injection of glycopyrrolate (0.01 mg/kg)
and sustained release buprenorphine for analgesia (0.15 mg/kg).

Anesthesia was induced by an intramuscular injection of ketamine

(35 mg/kg) and xylazine (5 mg/kg) and maintained with mechanical
ventilation of 1%-3% isoflurane. The physiologic status of the animal
was assessed using continuous monitoring of respiration rate, heart
rate, oxygen saturation level, end-tidal CO, level, and temperature.

Elastinolysis was performed followed by decellularization of the
origin of the right common carotid artery as previously described.®?
After a minimum of 3 weeks, the animals were returned to the
angiosuite and the brachiocephalic trunk selectively catheterized with
a microcatheter (SL10, Stryker Neurovascular). The functionalized par-
ticles were delivered at a rate of 1 ml/min for a total infusion of
10 ml. After approximately 30 min from the conclusion of nanoparti-
cle infusion, the animals were euthanized by overdose of sodium pen-
tobarbital (150 mg/kg). The aneurysms and control vessels (CVs) were
explanted and snap frozen in optimal cutting temperature compound
in liquid nitrogen for histological processing. The tissue was then
sliced into 45 and 10 pm sequentially. The thicker slices were
intended for fluorescent particle counting and were DAPI stained to
examine the boundaries of the tissue. The thinner slices were stained
using Movat pentachrome to determine both the local histology
of the sample and the boundary of the aneurysm lumen (see
details in SM).

2.8 | Statistical analysis

Statistical analysis was done using the paired two sample for means
t-test on the LI values with p < 0.05 regarded as significant for all
statistical tests. The normality of the data was assessed using the

Kolmogorov-Smirnov test.

3 | RESULTS
3.1 | Natural hemodynamic-based localization of
particles in aneurysm cavities

To study the ability of particles with different physical properties
(i.e., size and density) to localize in aneurysm cavities, we performed
in vitro experiments in a well-defined, transparent cerebral side aneu-

rysm models!?%*

subjected to physiological pulsatile flow while imag-
ing the deposition pattern in the parent vessel and in the aneurysm
cavity (see SM for detailed description of the experimental setup). The
WSS in our models is low reaching O at the apex and averaging around
1.27 dyne/cm? in the cavity while the average in the parent is over
20 dyne/cm?.

Using our model, we first focused on the effect of particle size by
comparing the deposition of 2 pm and 200 nm carboxylated polysty-
rene spherical particles (CPP). Interestingly, front view deposition
images, acquired using fluorescent microscopy, showed completely
different patterns for the two particles (Figure 2a). While the 2-pm
CPP mainly localized within the cavity, where low WSS prevails
(Figure 2a.1,a.3), the 200-nm CPP deposited mainly at the distal neck
of the aneurysm and the outer curvature of the parent artery
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Localization of particles in aneurysm cavities. (a.1) Green fluorescent image of 2 um carboxylated polystyrene particles in an

aneurysm model showing enhanced deposition in cavity associated with low wall shear stress (WSS). (a.2) Green fluorescent image of the 200 nm
particles in an aneurysm model showing enhanced deposition in parent artery and the impingement zone associated with high WSS. (a.3) WSS
map on the aneurysm geometry showing high shear at the parent artery and low in the aneurysm. The impingement zone is marked by an arrow.
(b) Bar graph of the LI for the 2 um and the 200 nm particles showing that 2 pm had an LI of 0.86 + 0.05 while 200 nm particles had an LI of

0.44 £ 0.06 (n = 3, p = 0.004). (a) Side view of the aneurysm cavity showing particles deposition. (a.1) 2 um PLGA particle have localized
predominantly at the bottom side of the cavity according to the direction of gravity. (c.2) 2 pm polystyrene particles coated the entire cavity

with no evident bias due to gravity. (d) Deposition intensity (DI) distribution along the x axis showing that the PLGA 2-pm particles have

localized at the bottom of the cavity while the polystyrene particles distributed more evenly

(Figure 2a.2), which are associated with high WSS (Figure 2a.3; see
also SM Video S2). To quantify the localization of the particles, we
defined the localization index (LI) as the ratio of fluorescence concen-
tration (FC) at the cavity (FCc) to the sum of FC in the cavity and the
parent artery of the aneurysm (FCc + FCp), LI = FCc/(FCc + FCp);
thus, this index represents the relative density of fluorescence/
particles in the aneurysm compared to the artery (e.g., LI = 0.5 repre-
sents no difference between the aneurysm in the parent artery, while
LI = 1 represents that all of the adhered particles localized at the
aneurysm cavity).

Quantification of the depositions shows that the 2 um CPP have
an LI of 0.86 + 0.05 which means that the concentration of particles
in the aneurysm cavity is 7.4 + 1.5 times higher than in the parent
artery. For the 200 nm CPP, the LI is 0.44 + 0.06 meaning that the
ratio between the aneurysm and the parent artery is only 0.7 + 0.1;

thus, there is actually a slightly higher average concentration of

particle deposition in the parent artery. Hence, 200 nm widely used in
vascular targeted delivery are less suitable to hemodynamically target
aneurysms, while the 2 um CPPs, naturally target the aneurysm cavity
based on its endogenous hemodynamics. While gravity has little
effect under normal arterial flow conditions, under the low velocity
hemodynamics existing in aneurysms, gravity forces may become
dominant and affect the targeted delivery of drug carriers.2* These
forces depend on the relative acceleration of the particle toward the
wall. All the particles in this study have very small relaxation time
suggesting that most of them reach terminal velocity before hitting
the wall in which case Fy = F, = 2.9-107*8N (see SM for details on
calculation), where Fy4 and Fg are the drag and gravity forces, respec-
tively. To test the influence of particle density on deposition under
the influence of gravity, side-view fluorescent images of the aneurysm
model were acquired and compared between 2 pm CPPs (p = 1.05 gr/
ml) and 2 um PLGA particles (p = 1.3 gr/ml), see Figure 2c. While, the
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2-um polystyrene particles almost evenly covered both the top and
the bottom of the cavity, the 2-um PLGA particles, which are 0.15
g/cm?® heavier than the fluid, have settled only at the bottom side of
the cavity (Figure 2c.2). We then quantified the distribution of the
particle deposition in the cavity along the gravity direction with
respect to the symmetry axis (y = 0) by exploring the normalized fluo-

rescence deposition intensity (DI) as a function of y. As shown in
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Figure 2d, the heavy PLGA particles are almost entirely localized at
the negative y values ranging from —3.5 to O mm (center point at y. =
—2.4 + 0.3 mm) while the polystyrene particles cover the entire range
from —3.5 to 3.5 mm with only a slight intensity bias in the direction
of gravity (center point at y. = —0.23 = 0.1 mm). The PLGA particles
had a similar LI to the polystyrene particles (LI = 0.8 + 0.1) which is

likely due to the favorable gravity configuration in the experiment.
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FIGURE 3 Targeting an endothelium disturbed/injured patient-specific aneurysm. (a) lllustration of GPVI functionalized particles adhering to
exposed collagen. (b) Reconstruction of the CT scan of the internal carotid aneurysm obtained from AneuriskWeb repository (scan C0074).

(c) Computational fluid dynamic (CFD) results on the patient-specific geometry showing a low wall shear stress (WSS) recirculating flows within
the aneurysm cavity. (d) lllustration of the injury model with endothelialized parent artery and exposed collagen in the cavity. (d.2) Fluorescent
microscopy image of green stained ECs forming a disrupted endothelium. (d.3) Fluorescent microscopy image of green stained ECs forming a
confluent layer. (e) Fluorescent microscopy image of the aneurysm model where the parent artery is covered with ECs (green) and GPVI-coated
2-um polystyrene particles (red) localizing within the aneurysm cavity. (f) Fluorescent microscopy image of the aneurysm model where the parent
artery is covered with ECs (green) and 2 pm polystyrene bovine serum albumin (BSA) particles (red) showing no preference to the cavity. (g) Bar
graph of the ratio of particle concentrations between the aneurysm cavity and the parent artery. For GPVI-coated particles, the ratio between the
concentration within the aneurysm to the parent artery is 9.1 + 2.2 while for the BSA-coated particles the ratiois 1.2 £+ 0.4 (n = 3, p = 0.017)
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However, the PLGA particles settle only on one side of the aneurysm
which could be problematic for localized delivery. Moreover, in an
unfavorable gravity situation, the PLGA particles will drift away from
the aneurysm cavity thus reducing their aneurysm targeting. Thus, in
order to properly naturally target the entire aneurysm cavity via flow,
buoyant micron sized particles should be utilized.

3.2 | Targeting endothelium disturbed/injured
aneurysms

To add biological specificity to the 2 um CPP aimed at targeting endo-
thelium disturbed/injured aneurysms, we functionalized particles with
the natural main receptor on platelets to collagen, GPVI 4420 + 1810
molecule/um?, see Figure 3a and details in SM. This 2-um GPVI for-
mulation adheres with high affinity to collagen under low WSS (<10
dyne/cm?) while has decreased adhesion under higher values of WSS
(>10 dyne/cm?) known to exist in human arteries, as shown in micro-
fluidic experiments.??3! We then tested the functionality of these
particles in a setting of a cerebral side aneurysm, by perfusing the
GPVI particles (300 k particles/ml over 60 min) in a patient-specific
reconstructed in vitro aneurysm model (AneuriskWeb repository scan
C0074), see Figure 3b MRA scan and corresponding CFD simulation
showing the recirculating flow field in Figure 3c. In these models, to
recapitulate the proper human physiological environment, first, the

(a.2)

i~ Exposed &+ ' f
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figbrin ‘I

Endothelial
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FIGURE 4

model was coated with fibronectin and collagen and then human
endothelial cells (HUVECs) were grown to confluence in it covering
both the parent artery and the aneurysm cavity. Then, a mechanical
injury to the endothelium within the cavity was performed, as detailed
in the SM. Thus, while the parent Fartery remained completely endo-
thelialized, the aneurysm cavity presented a disturbed/injured
endothelium with exposed collagen, as illustrated in Figure 3d.1-3.
Following perfusion with the GPVI particles, fluorescence microscopy
images of the aneurysm where particles appear in red and the endo-
thelial cells in green qualitatively demonstrated that the GPVI-coated
particles have densely accumulated in low shear region in the endo-
thelium injured cavity while avoided depositing in the endothelialized
parent artery. This is in contradiction to the deposition pattern of con-
trol BSA-coated particles (10,820 + 1260 molecule/pmz) which
showed much sparser deposition (see SM Video S3 and Figures S9
and S10 for more detail on particle behavior and targeting
characteristics).

Quantitatively, an LI = 0.9 £ 0.02 exists for the GPVI particles
indicating a 9.1+ 2.2 fold higher concentration in the cavity, see
Figure 3g. On the other hand, the LI for bovine serum albumin (BSA)-
coated particles is only 0.53 + 0.07, showing minor to nonsignificant
preferable accumulation within the aneurysm cavity. Altogether, we
demonstrated that GPVI particles can localize to the disturbed/injured
aneurysm an order of magnitude (9.4 + 4) more than the BSA-coated
particles of the same size and density.
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In vivo targeting of injured aneurysms. (a.1) 45-um thick DAPI (4,6-diamidino-2-phenylindole) stained slice taken from a rabbit

aneurysm, 18 red fluorescent particles adhered to the inner surface of the aneurysm and marked by white arrows. (a.2) Movats' pentachromic
staining of the adjacent slice showing that the aneurysm wall is almost devoid of endothelial cells with exposed collagen and fibrin to which the
particle. (b.1) 45-pm thick DAPI stained slice taken from a control vessel showing no adhered particles on the vessel wall. (b.2) Movats'
pentachromic staining of the adjacent slice showing a healthy endothelial layer. (c) CT angiography image of an elastase induced aneurysm in
rabbit. (d) LI distribution between the aneurysm and the control vessel (CV) showing a 4.9 + 0.6 fold higher accumulation within the cavity (n = 3,

p < 0.0008)
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3.3 | Invivo targeting of injured aneurysms

To demonstrate in vivo the ability of the GPVI functionalized polysty-
rene microparticles to target injured aneurysms, we performed in vivo
experiments in elastase induced aneurysm models in rabbits where
injury was produced by decellularization during aneurysm creation
using SDS,2 see details in Methods section. Figure 4a.1 shows a repre-
sentative, 45-pm thick section from an aneurysm, that was DAPI
(4',6-diamidino-2-phenylindole) stained for cell nuclei and viewed under
a fluorescent microscope revealing multiple red fluorescent particles
that adhered to the injured aneurysm wall. Movats' pentachromic
staining of the adjusted slices reveals that the injured aneurysm wall is
almost devoid of endothelial cells with exposed fibrin and collagen, to
which the particles adhere (Figure 4a.2). In contrast, an endothelialized
common carotid artery, which served as a distal CV, had almost no
adherent particles (Figure 4b.2). Quantitatively, the LI distribution
between the aneurysm and the CV, presented in Figure 4d, shows an LI
of 0.83 in the aneurysm, which indicate that the particle concentration
within the aneurysm is 4.4-5.5 higher than in the CV.

4 | DISCUSSION
In this work, we have demonstrated an aneurysm-targeting strategy
which leverages the biophysical characteristic of cerebral aneurysms:
(1) The endogenous pathological hemodynamics—low WSS, rec-
irculating flow; and (2) the biological environment of high-risk aneu-
rysm where the endothelium is disrupted and collagen becomes
exposed. We have shown that micron-sized particles (2 pm), and sur-
prisingly not nanoparticles (200 nm), will naturally localize at the aneu-
rysm cavity and that these particles should be neutrally buoyant to
minimize the gravitational bias affecting deposition within the aneu-
rysm cavity. Finally, we have demonstrated that the GPVI-coated
microparticles efficiently localize to injured aneurysm and adhere to
the wall, as shown in an injured patient reconstructed in vitro aneu-
rysm model and in vivo in an elastase induced rabbit aneurysm model.

The developed strategy is based on a double-lock mechanism,
which combines the biological features of the disease conditions with
its biophysical characteristics, and thus increases the specificity of the
targeting. Coating of drug carriers with injury or inflammatory
ligands® or using white blood cells for carrying drug carriers* would
target any inflammation/injury sites in the body and thus would also
affect areas in the body where such process plays a key role in normal
physiology. Our suggested double-lock mechanism approach integrat-
ing aneurysm biophysics is not only inflammation/injury specific but
aneurysm specific based on it flow characteristics. More generally,
biophysical targeting approaches which integrate the physics of dis-
ease have a wide range of applications in many disease conditions,
such as: plaques, tumors and clots, which are known to have unique
pathological physical characteristics.

So far, we focused on the ability to target drug carrier to injured
cerebral aneurysms; however, future work should utilize the devel-

oped approach for the delivery of diagnostic and therapeutic agents.

Diagnostics agents to be used may include agents used for functional
molecular imaging such as: metal ions such as gadolinium for MRI and
manganese-based paramagnetic contrast agents.>>~>” When adminis-
trated systemically, such agents suffer from a low signal-to-noise readout
and thus focal delivery of such agents may significantly enhance their
ability to provide patient-specific clinical information on risk of rupture.
This information is key in deciding whether a surgery or endovascular
treatment must be performed. On the other hand, localized delivery of
therapeutic agents may open new avenues in nonsurgical pharmacologi-
cal treatment for unruptured aneurysms delivering potent drugs that can

inhibit inflammation®

as well as remodeling processes that facilitate
aneurysm rupture.*”3? Ultimately, combining such targeted therapeutics
and diagnostics capabilities can allow to both treat aneurysm noninva-
sively as well as monitor the efficacy of treatment.

Nevertheless, there are some limitations to the current study
including that the particles are relatively large and may accumulate
and block small capillaries or be cleared rapidly from circulation and
accumulate in the liver or lungs.*>** However, while the particles we
have used in this study are not intended for use in a clinical setting,
there are several ways to implement such micron or sub-micron-sized
carriers while minimizing the potential limitations and the filtering
effects of relatively large carriers. One of the ways is the use of
deformable carriers that mimic the physics of the red blood cells,
which has been shown to increase circulation time and reduce accu-
mulation of carriers within the lung and liver as well as reduce patient
toxicity.*>*% Additionally, RBC-based drug carriers have recently
shown a remarkable improvement in targeting lung and other
organs.44 Furthermore, such RBC carriers can be made to adhere to
exposed collagen,*® are about 10 pm in diameter and have relatively
long circulation time, and thus could potentially be valuable for
targeting high-risk brain aneurysms.

Another promising strategy is the use of the microparticle via
local infusion upstream the site. Infusing the particles close to the tar-
get will increase the number of adhering particles on first pass near
the target. Such a method was used in our in vivo experiments and
has been successfully implemented in delivering nanoparticle using
nanoparticle-loaded RBCs to target inflamed brain vessels.*®

5 | CONCLUSIONS

The presented work explored flow-guided localizations of particles to
in vitro cerebral aneurysm models and demonstrated targeting with
GPVI functionalized microparticles both in vitro in patient-specific
models and in vivo in rabbit aneurysm models. The presented findings
highlight the key role of particle size and density in flow-guided
localization of carriers to aneurysm cavities as well as demonstrate a
simultaneous targeting of multiple biophysical properties of the
aneurysm. Our results suggest that targeting the biophysical rather
than just the biological aspects of a condition is an effective
targeting strategy which may be suitable form many other conditions
that show significant local physical changes that accompany their

biological manifestation.
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